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ABSTRACT In Vibrio cholerae, the genes encoding cholera
toxin (ctxAB) are located on a segment of DNA (termed the
"core" region) that is flanked by two or more copies of a
repeated sequence called RS1. Together these DNA units
comprise the CTX genetic element. Evidence presented here
suggests that RS1 sequences encode a site-specific recombina-
tion system, which allows integration of a suicide plasmid
carrying RS1 into an 18-base-pair sequence (attRSl) located on
the chromosome of nontoxigenic V. cholera" strains. Strains of
V. cholerae with large deletions removing attRSl and the entire
CTX genetic element no longer undergo site-specific recombi-
nation with the RS1 sequence. Additionally, these deletion
strains show a defect in intestinal colonization. Recombination
experiments localize the gene responsible for enhancing colo-
nization to a portion of the core region of the CTX element. The
identifled gene encodes a peptide that is highly similar in amino
acid sequence to the flexible pilin of Aeromonas hydrophia.
These results have important implications in the construction
of stable, live attenuated cholera vaccines.

The bacterium Vibrio cholerae is the causative agent of
cholera, a diarrheal disease that has recently caused an
explosive epidemic in Latin America (1). Although this
organism has been studied for over 100 years, there still
remains a need for an effective cholera vaccine. Recent
efforts in developing live attenuated vaccines have focused
on the construction of recombinant V. cholerae strains lack-
ing the gene (ctxA) encoding the active subunit of cholera
toxin (2-5). Since recombination with wild-type strains could
restore toxigenicity to ctxA deletion strains, recA mutations
have been examined as a means of stabilizing such live
vaccine candidates (6, 7).

Naturally occurring strains of V. cholerae that carry du-
plications of the ctx genes also have duplications of flanking
DNA sequences, whereas nontoxigenic strains lack both ctx
genes and flanking sequences (2, 8, 9). These observations
suggest that the toxin genes are part of a larger genetic
element (2, 8, 9). In V. cholerae strains of the El Tor biotype,
this genetic element has been found to consist of a "core"
region, which carries the ctxAB operon (10) and the zot gene
encoding zona occludens toxin (11), flanked by two or more
copies of a 2.7-kb repetitive sequence called RS1. Thus, the
ctx genetic element is structurally analogous to compound
transposons such as Tn9 (12) with RS1 sequences corre-
sponding to ISJ insertion sequences directly duplicated at the
termini. Unlike most transposons, the ctx genetic element
appears to be located at the same chromosomal site in all El
Tor strains (8), suggesting it may display a high degree of
insertion site specificity, as do transposons Tn7 (13) and
TnS54 (14).

In this paper we show that the RS1 sequences associated
with the CTX genetic element apparently mediate recA-
independent site-specific recombination between the element

and an 18-bp target site on the V. cholerae chromosome
called attRS1. In addition to this recombination system, we
also show that the CTX element encodes a colonization
factor distinct from cholera toxin. We have constructed V.
cholerae strains that lack attRS1 and the entire CTX genetic
element. Such strains no longer recombine with RS1 se-
quences and are thus promising candidates for the prepara-
tion of safer live attenuated cholera vaccines.

METHODS
Bacterial Strains and Genetic Methods. V. cholerae and

Escherichia coli K-12 strains were stored at -70°C in LB
medium containing 20% (vol/vol) glycerol (15). V. cholerae
2740-80 is a nontoxinogenic El Tor isolate from the Gulf
Coast of the United States (16); V. cholerae E7946 and
P27459 are toxigenic El Tor strains isolated from cholera
patients in Bahrain and Bangladesh, respectively (8). V.
cholerae strains GP1, SM115, and SM44 have been described
(10). Standard methods were used for the isolation and
manipulation of plasmid DNA (17) and the construction of
cosmid libraries (18). Derivatives of plasmid pJM703.1 were
maintained in E. coli SM10 Apir, which was also used to
mobilize pJM703.1 derivatives into V. cholerae recipient
strains by conjugation (19). Quantitative pGP52 and pGP88
conjugative matings were performed in LB broth by mixing
the appropriate E. coli SM10 Apir donor strain with strepto-
mycin-resistant V. cholerae recipients at a starting density of
_108 cells per ml and a donor-to-recipient ratio of 1:1. After
3 hr at 37°C the culture was diluted in fresh LB broth
containing 100 ,ug of streptomycin per ml (LB-Sm) and grown
for 20 generations to select against the E. coli donor. The
resulting culture was plated on LB-Sm agar containing 50 ,g
of ampicillin per ml to select transconjugants. The transfer
frequency is reported as the ratio of transconjugants to initial
donor cells.
DNA Sequencing and Polymerase Chain Reaction (PCR).

DNA sequencing was performed by the Sanger dideoxy
chain-termination procedure (20) using either Klenow frag-
ment ofDNA polymerase (Amersham) or Sequenase (United
States Biochemical) according to the protocols supplied by
the manufacturers. The DNA sequence ofthe attRSl site was
determined from V. cholerae 2740-80 chromosomal DNA by
PCR sequencing as follows. Two oligonucleotide primers
were synthesized on an Applied Biosystems 381A DNA
synthesizer. Oligonucleotide UP (5'-CGCAGCAGACGAA-
CTCTATGTC-3') is complementary to the chromosomal
DNA sequence located 101-122 nucleotides from the left end
of RSla (Fig. 1A). Oligonucleotide DOWN (5'-CACTTTG-
GTGCACACAATTGACG-3') is complementary to the chro-
mosomal DNA sequence located 165-187 nucleotides from
the right end ofRSlc (Fig. 1A). DNA from V. cholerae strain
2740-80 was amplified by PCR using a Perkin-Elmer/Cetus
thermal DNA cycler and GeneAmp DNA amplification kit
according to the procedure of Shyamala and Ames (21).

Abbreviation: ER, end repeat.
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Briefly, 1 ,g of2740-80 DNA was amplified through 30 cycles
with oligonucleotide UP at 0.6 M and oligonucleotide DOWN
at 0.012 M, thus producing a product in which the strand
primed by oligonucleotide UP was in 50-fold excess. Similar
reactions were carried out with oligonucleotide DOWN in
excess. The DNA sequence was then determined by utilizing
one-third of each crude product as DNA template in the
standard Sequenase protocol with the limiting oligonucleo-
tide as the primer.
Animal Studies. The competition assay of Freter et al. (22)

was performed as described with minor modifications (15).
The mice were inoculated orally with 5 x 104 colony-forming
units of each test strain. The ratio of the two strains was
determined 24 hr later by plating homogenates ofthe intestine
on LB agar containing antibiotics to differentiate one strain
from the other or by colony hybridization with appropriate
DNA probes.

RESULTS
RS Sequences and Site-Specific Recombination. The CTX

genetic element is composed of a 4.5-kb core region flanked
by copies of directly repeated sequences that were originally
named RS1 (8). Due to the divergence between repeated
sequences, we refer to the 2.7-kb sequence as RS1 and the
2.4-kb sequence as RS2 and refer to them generically as
"RS" sequences (Fig. 1). All RS sequences contain Bgl II
and EcoRV sites; the end closest to the Bgl II site corre-
sponds to the left end of the element in each case.
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FIG. 1. Restriction map of the E7946 CTX region and construc-
tion of plasmid subclones. (A) Schematic representation of the
duplicated CTX genetic element from El Tor strain E7946. Open
boxes, RS1 sequences; filled boxes, RS2; shaded boxes, core se-
quences. The positions of end repeat (ER) sequences are shown by
open arrowheads and V. cholerae DNA flanking the ctx genetic
element is represented by thin lines. The approximate positions of
the two copies each of the ctxAB operon and the zot and cep genes
are shown by bars below the two core sequences. Above the
schematic, a doubleheaded arrow designates Bgl II restriction frag-
ments that correspond to those labeled in the Southern blot shown
in Fig. 2. (B) Restriction map of the insert in E7946 subclone pGP20.
A Cla I-Sph I fragment derived from pGP7 (2) was subcloned into
pBR322 to give pGP20. After deletion of the indicated EcoRV
fragment from pGP20, the Ssp I-Sph I fragment shown was sub-
cloned into pJM703.1 digested with Nru I and Sph I, yielding plasmid
pGP52, which carries a hybrid RS sequence designated RS1*. (C)
Restriction map of the insert in pGP52. Deletion of the indicated
1.7-kb Ban II fragment gave pGP88, which lacks sequences entirely
internal to RS1*.

The RS sequences that flank the core of the CTX genetic
element have previously been shown to be involved in the
duplication and amplification of the core region (10). We
wished to characterize the transposition and recombination
properties of RS sequences. After several unsuccessful at-
tempts to obtain evidence for transposition of an RS se-
quence in E. coli, we succeeded in developing an assay for
RS-mediated recombinational events in V. cholerae strain
2740-80, a nontoxigenic isolate that is apparently clonally
related to toxigenic isolates from the United States Gulf
Coast (16). Chromosomal DNA from this strain failed to
hybridize to ctx, RS, or core restriction fragment probes (9),
suggesting that this strain lacks the entire CTX genetic
element.
To test the ability of RS sequences to mediate recombina-

tion with the V. cholerae 2740-80 chromosome, we intro-
duced into this strain a conditionally replication-defective
plasmid, pGP52, which carries a single copy of a hybrid RS
(termed RS1*). RS1* is flanked by core DNA and therefore
lacks sequences derived from chromosomal DNA typically
found adjacent to the CTX genetic element (Fig. 1). Conju-
gation was used to mobilize pGP52 from E. coli SM10 Apir
into V. cholerae 2740-80 and ampicillin transconjugants were
selected. Southern blot analysis of chromosomal DNA from
14 transconjugants showed that pGP52 had integrated into the
chromosomes of these strains to produce two different struc-
tures, C and D (Fig. 2). Structure D was found in 12 of the
transconjugants and structure C was found in 2. Structure D
resulted from integration of a single copy of pGP52, whereas
structure C resulted from the integration of two copies of
pGP52 in tandem repeat. Southern blot and sequence analysis
indicated that pGP52 had inserted into the same chromosom-
al site at which toxin genes are found in natural isolates of El
Tor strains such as E7946 and that the recombination had
taken place between this chromosomal site and the core-
RS1* left end junction on pGP52 (Figs. 1C and 2).

A B C D E

1 -

2A.
2B-
2C -

3-
4-

PGP52

'm
t___ -- 2740 - 80 chromosome

co co < co

_) -2\ .- j

co m <
0
m < m

F- 1 B i---- 2\A

FIG. 2. Southern blot analysis of integration of pGP52 into the
2740-80 chromosome. E. coli SMlOApir pGP52 was used to transfer
pGP52 to V. cholerae strain 2740-80. (Left) Autoradiograph of
Southern blot analysis of DNA digested with Bgl II and hybridized
with RS probe (equivalent to fragment 4 in Fig. 1A). Lanes: A,
E7946; B, 2740-80; C, representative transconjugant with C struc-
ture; D, representative transconjugant with D structure; E, pGP52
plasmid DNA. The labels at the left correspond to the fragments
labeled in Fig. 1A and below. (Right) Diagrammatic representation
of the structures associated with the integration of pGP52. All of the
transconjugants analyzed had integrated pGP52 at a chromosomal
site (open arrowhead; attRS1) in which the CTX genetic element is
naturally found in toxigenic El Tor strains. Structure D was produced
by pGP52 integration taking place via recombination (dashed lines)
between the single ER sequence present at the core-RS1* left end
junction (represented by the open arrowhead; see also Fig. 1C).
Structure D is similar to structure C except that two copies ofpGP52
inserted tandemly. The fragments designated below each structure
correspond to the labeled bands in the Southern blot analysis shown
above. Apr denotes vector sequences.
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The site on the V. cholerae 2740-80 chromosome into
which pGP52 inserted was sequenced by amplifying this
region from chromosomal DNA by PCR using oligonucleo-
tide primers complementary to chromosomal sequences
known to flank the element. As shown in Fig. 3 Top, the V.
cholerae 2740-80 chromosomal DNA sequence determined
overlaps with sequence of the left end of the CTX element
and therefore the left end of RSla. Comparison of this
overlap shows that the 18-bp chromosomal sequence CCT-
TAGTGCGTATTATGT defines the integration target site.
We have called this 18-bp chromosomal sequence attRSl and
called the identical 18-bp or similar 17-bp sequences located
at the ends of RS1 "ERs" to distinguish them from attRS1
(Fig. 3 Top). Extensive sequence and hybridization analysis
has shown that ER sequences exist at the junction between
chromosomal DNA and the CTX element in all V. cholerae
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FIG. 3. Sequence analysis of RS junctions and V. cholerae
2740-80 chromosomal DNA. (Top) Alignment of sequences located
at the ends of RS sequences and the junction between the chromo-
some. No. 1, sequence of upstream chromosomal DNA at the
junction where it meets RSla; no. 2, sequence of 2740-80 chromo-
somal DNA corresponding to the integration site of pGP52; no. 3,
sequence of the junction where RSlc meets downstream chromoso-
mal sequence. The overlap between these three sequences defines
ERs located at the ends of RS sequences and attRS1 located on the
V. cholerae 2740-80 chromosome. (Middle) Sequence of DNA de-
fining the RS2b-core region junction. To the left of the indicated
arrow the RS2b sequence was identical to sequences derived from
other RS sequences (e.g., RSlc; not shown). To the right of this
arrow the sequence diverges, indicating that this is the junction
between RS2b and the left side of the core region. Downstream ofthis
junction begins an open reading frame that is associated with a
ribosome binding site (bar) that encodes the precursor to the peptide
designated Cep. (Bottom) Deduced amino acid sequence of the Cep
peptide and comparison to Fxp. Hydrophobic amino acid residues
preceding the proposed processing sites are indicated by underlining.
Subsequent lines of amino acid sequence show the mature Fxp
peptide (23) aligned with the proposed processed form of the Cep
peptide. Identical residues are noted by dots, whereas chemically
similar amino acids are indicated by plus signs.

strains thus far examined and that ER sequences also mark
the junction between tandem copies ofRS1 and RS2 (Fig. 1).
However, as shown in Fig. 3 Middle, the junction between
the right end of RS2 and the core does not contain an ER
sequence. Thus, pGP52 contains only one ER sequence and
it is through this site that recombination with the chromosom-
al attRSl occurs (Figs. 1 and 2).

Quantitative measurements of integration frequency were
made for pGP52 using our conjugative transfer/integration
assay. We used as a control plasmid pGP88, a derivative of
pGP52 that carries a 1.7-kb deletion within RSi* but retains
the core-RS1 junction and the ER site through which recom-
bination occurs. As shown in Table 1, pGP52 can integrate in
the 2740-80 attRSl site at a frequency at least 103-fold greater
than pGP88. This result suggests that integration is not simply
due to recA-dependent homologous recombination between
the attRS1 sequence on the V. cholerae 2740-80 chromosome
and the ER sequence on pGP52 but that it requires factors at
least partially encoded by the Ban II fragment of RS1*. This
conclusion was further supported by mobilizing pGP52 and
pGP88 into a recA- derivative of 2740-80. Integration of
pGP52 was decreased 10-fold but still occurred at a frequency
that was at least 100-fold higher than pGP88 (Table 1). These
data suggest that RS1 encodes a site-specific recombination
system that can mediate recA-independent recombination
between the attRS1 site and ER sequences.

Deletion of attRSl and Its Effect on RS1-Mediated Recom-
bination. To determine whether the chromosomal attRS1 site
was the only target site for RS1-mediated recombination, we
constructed strains that were deleted for all copies of attRS1
and ER sequences and tested these mutants for their ability
to act as recipients in the pGP52 integration assay.
A cosmid (pGP60) carrying the cloned ctx region from

strain P27459 was isolated and mapped by restriction analysis
(Fig. 4). A 20-kb HindIII fragment containing the entire CTX
element was deleted from this cosmid to give pAR62, which
was then transferred by conjugation into two different V.
cholerae strains. Spontaneous recombination between plas-
mid pAR62 and the chromosome of the two strains
(E7947-Sm and P27459-Sm) gave recombinants Bah-2 and
Bang-2, respectively, which were identified by colony hy-
bridization using a probe, CT-1, specific for the ctx genes
(10). In addition to these "attRS1 deletion mutants," we also
separately obtained recombinants that had deleted only the
core region of the CTX element. The "core deletion mu-
tants" Bah-1 and Bang-1 presumably arise by spontaneous
recombination between flanking RS1 sequences, thus delet-
ing the core and leaving behind a single RSi (ref. 10; Fig. 4).
The structures of both types of deletion mutants were con-
firmed by Southern blot analysis (data not shown).
As shown in Table 1, strains Bah-1 and Bang-1 each

functioned as recipients of pGP52 in our quantitative conju-
gative transfer/integration assay. Southern analysis of sev-
eral representative transconjugants showed that pGP52 had
integrated into the ER sequence located at the left end of the

Table 1. Transfer of pGP52 and pGP88 from E. coli into V.
cholerae recipient strains

Donor Recipient attRSl Transfer frequency
SmlOApir pGP52 2740-80 Yes 1.8 x io-O
SmlOApir pGP88 2740-80 Yes <2.5 x 10-8
SmlOApir pGP52 2740-80 recA Yes 2.0 x 10-6
SmlOApir pGP88 2740-80 recA Yes <2.5 x 10-8
SmlOApir pGP52 Bah-1 Yes 1.2 x 10-5
SmlOApir pGP52 Bah-2 No <2.5 x 10-8
SmlOApir pGP52 Bang-1 Yes 2.0 x io-O
SmlOApir pGP52 Bang-2 No <2.5 x 10-8

Transfer frequency is expressed as the number of ampicillin-
resistant transconjugates per donor cell.

Proc. Natl. Acad. Sci. USA 90 (1993)
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FIG. 4. Construction of V. cholerae core and attRS1 deletion
strains. At the top is shown the restriction map of the P27459
chromosome in the region of the CTX genetic element (with RS1,
RS2, and core sequences designated by open, filled, and shaded
boxes, respectively). The structure of the E7946 chromosome is
similar except for a tandem duplication of the CTX element as shown
in Fig. 1. Copies of ER repeats are indicated by open arrowheads.
The bracket above the map indicates a fragment from this region
cloned in plasmid pGP60. As shown below the map, an intemal
HindIII fragment of pGP60 was deleted to give pAR62. Recombi-
nation between plasmid pAR62 and flanking chromosomal sequences
(dashed line labeled 2) gave rise to attRS1 deletion strains Bang-2 and
Bah-2. Recombination between flanking chromosomal RS1 se-

quences (dashed lines labeled 1) gave rise to core deletion strains
Bang-1 and Bah-1.

RS1 element remaining on the chromosome of each of these
core deletion strains. In contrast, strains Bah-2 and Bang-2
were completely defective as pGP52 recipients in this assay
(Table 1). These results suggest that the chromosomal attRS1
and ER sequences are essential participants in the site-
specific recombination reaction that integrates pGP52 and
presumably the CTX genetic element into the chromosome.
The CTX Element Encodes a Colonization Factor. The

availability of isogenic strains differing only in the presence
or absence of the entire CTX element provided an opportu-
nity to test the effect of this element on the intestinal

colonization properties of V. cholerae. The relative ability of
these strains to colonize the intestines of suckling mice was

assessed by a competition assay in which mixtures of Ctx
deletion mutants and their isogenic Ctx+ parents were used
to infect mice (15, 22).
As shown in Table 2, the competitive index of attRS1

deletion strains Bah-2 and Bang-2 indicated that these strains
were approximately 5- to 13-fold reduced in colonization
relative to isogenic strains containing the CTX element but
lacking the ctx genes (strains SM115 and SM44, respective-
ly). A similar intestinal colonization defect was noted for core
deletion mutants Bah-1 and Bang-1, which showed a 14- to
16-fold reduction in colonization relative to their isogenic
core-positive strains SM155 and SM44 (Table 1). Transduc-
tion of the CTX element back into Bah-1 and Bang-2 using
bacteriophage CP-TI (24) gave strains GP16 and GP17, which
again colonized 13- to 21-fold better than Bah-1 and Bang-1.
These results suggest that a gene product associated with the
core of the CTX genetic element stimulates intestinal colo-
nization. Strains SM44, SM115, GP17, and GP16 all carry a
deletion-insertion in the ctxAB operon (10), thus ruling out
the possibility that the core-associated colonization factor is
cholera toxin.
The DNA sequence analysis that defined the right end of

RS2 and the left end of the core region indicated the presence
of an open reading frame beginning with a typical ribosome
binding site 153 bp within the core region (Fig. 3 Middle). The
protein encoded by this sequence contains 82 amino acids
and has what appears to be a typical hydrophobic signal
sequence at its amino terminus. Removal of the signal
sequence would yield a 47-residue peptide (Fig. 3 Bottom).
We have isolated a TnphoA fusion to this gene that gives rise
to a fusion protein with alkaline phosphatase activity, indi-
cating that the gene does encode a secreted product (25). The
deduced amino acid sequence of the gene's processed prod-
uct shows 91% similarity to the processed product of thefxp
gene of Aeromonas hydrophila (ref. 26; Fig. 3 Middle). The
48-amino acid residue Fxp protein is the major subunit of a

flexible pilus thought to be involved in adherence and colo-
nization of the enteric pathogen A. hydrophila (23). These
results suggest that a gene encoding a pilin-like subunit,
which we now designate cep (core encoded pilin), may be
responsible for the enhanced intestinal colonization associ-
ated with the core region of the CTX genetic element.

Table 2. Intestinal colonization assay of attRS1 and core deletion derivatives of V. cholerae

Strain 1 Strain 2 Competitive
Name Relative genotype Name Relative genotype index* (range)

E7946 derivativet
GP1 ActxABN4 SM115 ActxABN4 Kanr 1.0 (0.1-1.2)
SM115 ActxABN4 Kanr Bah-2 attRSlA 13 (8.7-16)
SM115 ActxABN4 Kanr Bah-1 core A 16 (22-38)
GP16 ActxABN4 Kanr Bah-1 core A 13 (10-27)
JM1840 core A (pGP52) Bah-1 core A 47 (14-77)

P27459 derivativet
SM44 ActxABN4 Kanr Bang-2 attRSlA 5.1 (3.2-7.6)
SM44 ActxABN4 Kanr Bang-1 core A 14 (6.7-39)
GP17 ActxABN4 Kanr Bang-1 core A 21 (6.1-15)
GP688 core A (pGP52) Bang-1 core A 11 (4.3-17)

*Change in the ratio of strain 1 relative to strain 2 after a mixed intestinal infection in 3- to 5-day-old
suckling mice (15, 22). Values reported are the average of those determined in four to six mice with
the range of values indicated in parentheses.

tStrains SM44 and SM115 carry an internal deletion in the ctx locus marked by an insertion that encodes
kanamycin resistance (Kanr) (10). Strain GP1 is a derivative of strain SM115 that carries the same ctx
deletion but lacks the insertion encoding Kanr. Strains GP16 and GP17 are CP-T1 transductants of
Bah-1 and Bang-1 that have reacquired the ActxABN4 Kanr allele from SM44 or SM115, respectively.
Strain JM1840 and GP688 are derivatives of Bah-1 and Bang-1, respectively, that have a single copy
of pGP52 integrated into the chromosome.
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To test this possibility, we asked whether the cep gene alone
could complement the colonization defect displayed by core
deletion mutants. As shown in Fig. 1, the fragment cloned in
plasmid pGP52 carries, in addition to RS1* sequences, a small
portion ofthe core region that includes the cep gene. Thus, we
integrated pGP52 into core deletion mutants Bah-1 and Bang-1
to produce isogenic transconjugants JM1840 and GP688, re-
spectively, each carrying a single copy of the cep gene.
Competition assays between core deletion mutants Bah-1,
Bang-1, and their pGP52 derivatives were performed in infant
mice. As shown in Table 2, the derivatives carrying pGP52
were able to colonize 11- to 47-fold better than their respective
core deletion parental strains. These data suggest that the cep
gene encodes the colonization factor associated with the core
region of the CTX genetic element.

DISCUSSION
The natural conversion of toxigenic strains to toxigenicity via
acquisition of genetic elements is a common theme in several
bacterial species (27). In the case of diphtheria, at least two
outbreaks have been shown to occur as a result of the
conversion of geographically resident nontoxigenic strains to
toxigenicity through the acquisition of a phage carrying the
diphtheria toxin gene (28). The structure of the CTX element
of V. cholerae is consistent with the idea that the ctx genes
are also located on a mobile genetic element. Furthermore,
the GC content and codon usage of the ctx genes are not
consistent with a V. cholerae origin (29), suggesting that an
as yet unidentified environmental organism may harbor and
donate the CTX genetic element to nontoxinogenic strains of
V. cholerae.
We believe the integration of plasmid pGP52 into the chro-

mosome of V. cholerae 2740-80 serves as a valid model for
understanding the transposition of the CTX genetic element.
The conserved chromosomal location of the CTX genetic
element in El Tor strains is consistent with the site-specific
recombination we observed (8). We demonstrated here that
the CTX element (tagged with a kanamycin resistance cas-
sette) could be transferred into core deletion strains by trans-
duction with phage CP-Tl (24). V. cholerae also possesses
conjugative plasmids that can mobilize chromosomal and
plasmid DNA at high efficiency (30). Thus, transfer ofthe CTX
genetic element to nontoxigenic strains of V. cholerae can be
envisioned to occur by various different mechanisms.
These results have important implications for the develop-

ment of safe, live attenuated cholera vaccines. Current vac-
cine prototypes are attenuated typically by deletion ofthe ctxA
gene encoding the active A subunit of cholera toxin. Since live
vaccines will be tested and used in cholera endemic areas, it
is highly likely that vaccine strains will come in contact with
DNA-transfer-proficient, toxigenic V. cholerae strains in the
environment or in the intestine of a vaccinee. The studies
detailed above demonstrate that if this occurred, then the
vaccine strain could regain wild-type cholera toxin genes along
with any other virulence genes present on the CTX genetic
element by a transposition event. In this regard, we have
demonstrated here that the core region of the CTX element
enhances colonization by a cholera toxin-independent mech-
anism. The gene responsible for this effect appears to be cep,
which apparently encodes a peptide that is highly similar to the
major subunit of a flexible pilus of A. hydrophilia. The cep
gene may therefore encode a pilus-like structure that enhances
colonization. The colonization-enhancing properties of the
core region and cholera toxin (31) might be expected to drive
the acquisition of the CTX element by nontoxigenic strains
(naturally occurring and vaccine constructs) as well as pro-
mote the observed duplication and amplification of this ele-
ment in toxigenic strains (8).

In an effort to help solve the genetic stability problems
associated with live attenuated cholera vaccines, we have
investigated the possibility of rendering V. cholerae vaccine
strains refractile to acquisition ofthe CTX genetic element by
deletion of the chromosomal target site for its integration
(attRSl) and the ER sequences associated with the ends of
RS1 and RS2 repeats. We found that the strains deleted for
attRSl and the entire CTX genetic element (Bah-2 and
Bang-2) were completely deficient as recipients in the pGP52
integration assay (Table 1). Derivatives of these strains that
are defective in recA have been constructed (unpublished
observations), resulting in strains that lack the capacity to
participate in homologous recombination as well as illegiti-
mate recombination mediated by the CTX genetic element.
Also, we have recently constructed analogous vaccine strains
from a 1991 Peruvian isolate of V. cholerae (A.W., G.D.N.P.,
C. L. Gardel, J. C. Sadoff, and J.J.M., unpublished results).
Together, these strains are promising candidates for use as
live attenuated cholera vaccines that offer an unprecedented
level of recombinational stability and safety.

We are pleased to acknowledge the help of Bobby Baum, Eugene
Kunen, and John Tobias in sequence analysis. We thank Jill Gray for
her help in the preparation of this manuscript. This work was
supported by Public Health Service Grant AI-18045.

1. Wachsmuth, I. K., Bopp, C. A., Fields, P. I. & Carrillo, C. (1991)
Lancet 337, 1097-1098.

2. Mekalanos, J. J., Swartz, D. J., Pearson, G. D. N., Harford, N.,
Groyne, F. & de Wilde, M. (1983) Nature (London) 306, 551-557.

3. Kaper, J. B., Lockman, H., Baldini, M. M. & Levine, M. M. (1984)
Nature (London) 308, 655-658.

4. Levine, M. M., Kaper, J. B., Herrington, D., Losonsky, G., Morris,
J. G., Clements, M. L., Black, R. E., Tall, B. & Hall, R. (1988) Infect.
Immun. 56, 161-167.

5. Herrington, D. A., Hall, R. H., Losonsky, G., Mekalanos, J. J., Taylor,
R. K. & Levine, M. M. (1988) J. Exp. Med. 168, 1487-1492.

6. Pearson, G. D. N., DiRita, V. J., Goldberg, M. B., Bouko, S. A.,
Calderwood, S. B. & Mekalanos, J. J. (1990) Res. Microbiol. 141,
893-899.

7. Ketley, J. M., Kaper, J. B., Herrington, D. A., Losonsky, G. & Levine,
M. M. (1990) Infect. Immun. 58, 1481-1484.

8. Mekalanos, J. J. (1983) Cenl 35, 253-263.
9. Miller, V. I. & Mekalanos, J. J. (1984) Proc. Natl. Acad. Sci. USA 81,

3471-3475.
10. Goldberg, I. & Mekalanos, J. J. (1986) J. Bacteriol. 165, 723-731.
11. Baudry, B., Fasano, A., Ketley, J. & Kaper, J. B. (1992) Infect. Immun.

60, 428-434.
12. Chandler, M. & Galas, D. J. (1983) J. Mol. Biol. 170, 61-91.
13. Lichtenstein, C. & Brenner, S. (1981) Gen. Genet. 183, 380-387.
14. Krolewski, J. J., Murphy, E., Novick, R. P. & Rush, M. G. (1981) J.

Mol. Biol. 152, 19-33.
15. Taylor, R. K., Miller, V. I., Furlong, D. B. & Mekalanos, J. J. (1987)

Proc. Natl. Acad. Sci. USA 84, 2833-2837.
16. Alemida, R. J., Cameron, D. M., Cook, W. L. & Wachsmuth, I. K.

(1992) J. Clin. Microbiol. 30, 300-304.
17. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular Cloning:A

Laboratory Manual (Cold Spring Harbor Lab., Plainview, NY).
18. Freidman, A. M., Long, S. R., Brown, S. E., Buikema, W. J. & Ausu-

bel, F. M. (1982) Gene 18, 289-296.
19. Miller, V. L. & Mekalanos, J. J. (1988) J. Bacteriol. 170, 2575-2583.
20. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad. Sci.

USA 74, 5463-5467.
21. Shyamala, V. & Ames, G. F. (1989) J. Bacteriol. 171, 1602-1608.
22. Freter, R., O'Brien, P. C. M. & Macsai, M. S. (1981) Infect. Immun. 34,

234-240.
23. Ho, A. S. Y., Mietzner, T. A., Smith, A. J. & Schoolnik, G. K. (1990)

J. Exp. Med. 172, 795-806.
24. Ogg, J. E., Timme, T. L. & Alemohammad, M. (1981)Infect. Immun. 31,

737-741.
25. Manoil, C. & Beckwith, J. (1985) Proc. Natl. Acad. Sci. USA 82,

8129-8133.
26. Ho, A. S. Y., Sohel, I. & Schoolnik, G. K. (1992) Mol. Microbiol. 6,

2725-2732.
27. DiRita, V. J. & Mekalanos, J. J. (1989) Annu. Rev. Gene 23, 455-482.
28. Pappenheimer, A. M., Jr., & Murphy, J. R. (1983) Lancet iH, 924-927.
29. Yamamoto, T., Gojobori, T. & Yokata, T. (1987) J. Bacteriol. 169,

1352-1357.
30. Datta, A., Parker, C. D., Wohlhieter, J. A. & Baron, L. S. (1973) J.

Bacteriol. 113, 763-771.
31. Pierce, N. F., Kaper, J. B., Mekalanos, J. J. & Cray, W. C., Jr. (1985)

Infect. Immun. 50, 813-816.

Proc. Natl. Acad Sci. USA 90 (1993)


